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© Heterogeneous interpenetrating polymer networks for the controlled release of drugs. 

© A heterogeneous interpenetrating polymer network is provided for use in the controlled release of drugs. The 
network is a heterogeneous matrix that is formed from a hydrophilic component such as polyethylene oxide or 
poly(N,N'-dimethyl acrylamide-co-styrene) and a hydrophobic component such as styrene. an alkyl 
methacrylate, or polytetramethylene ether glycol. The relative amounts of the two components, or "domains" 
can be varied, as can the diffusivities and solubilities of the drug combinations to be loaded therein, to control 
and change as desired the timed release profile of incorporated drug. Prolonged pseudo-zero order release can 
be obtained where one domain acts as a diffusion barrier layer to the release of drug from the other domain. 
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HETEROGENEOUS INTERPENETRATING POLYMER NETWORKS FOR THE CONTROLLED RELEASE OF 

DRUGS 



Technical Field 

This invention relates generally to interpenetrating polymer networks (IPNs). More particularly, the 
invention relates to IPNs useful in the controlled release of drugs, and in which drug release rate can be 
5 regulated by the composition of the IPNs. 



Background 

w Many ways of preparing and formulating drugs have been developed in order to facilitate gradual 
release of a drug over time. Conventional "timed release" formulations have typically involved coated 
tablets which after dissolution of the coating release the entire drug contents of the tablet. Thus, drug 
concentrations in the blood rapidly reach a peak and then decrease at a rate determined by the metabolic 
half-life in the body. The need to reshape this profile by eliminating the initial peak, and thus any resulting 

75 toxic or other undesirable side effects, has led to the development of more sophisticated controlled release 
formulations. In many cases, the desired release pattern is "zero order", i.e., the release rate is approxi- 
mately constant for most of the drug delivery period. 

It has been demonstrated that controlled drug release can be achieved by using a polymer matrix as a 
drug "reservoir". In general, the drug release rate Q t (release amount/time) in such devices is proportional 

20 to S • AC/I, where S is the active surface area; i.e., the area through which drug actually passes (and can 
be considered as either the area or interface between undepleted and partially depleted regions for solute in 
the device or the area of membrane that controls overall diffusion rate), AC is the concentration gradient, 
and I is the diffusion length of solute through device. Some drug reservoir devices that have been 
developed maintain approximately zero order drug release due to constant S, AC, and I. 

25 Geometry considerations can also be introduced in order to control the concentration profile. For 
xample. as discussed by Lee in Proc. Int. Sym. Contr. Rel. Bioact. Mater. 10:136 (1983), drug release can 
be maintained at an approximately constant rate if AC/I increases as S decreases in drug-loaded polymeric 
beads. 

In addition, zero order release has been obtained using "Case II Diffusion Systems" i.e., where drug 

30 diffusion is much faster than polymer relaxation, or swelling (M t /M<» = kf\ where n = I, M t is the total 
released amount of drug at the time t, and Moo is the total released amount of drug at time infinity). Such 
systems are described, for example, by Lee, supra, and by Korsmeiyer, Proc. Int. Sym. Contr. Rel. Bioact 
Mater. 10:141 (1983). ^ ~^ 

Barriers, or release rate controlling membranes, have also been introduced as a way of effecting zero 

35 order release. The barrier concept was introduced by Cowsar et al., ACS Symposium Series 31j180 (1976). 
who coated the surface of a hydrogel containing sodium fluoride with a hydrogel having a lower water 
content. Kim et al., J. Mem. Set. 7:293 (1980), disclosed monolithic devices for the controlled release of 
progesterone, the devices comprising copolymers of poly(2-hydroxyethylmethacrylate) (pHEMA), poly- 
(methoxyethoxyethyl methacrylate) and/or poly(methoxyethyl methacrylate). The devices were soaked in an 

40 thanol solution of ethylene glycol dimethacrylate (EGDMA), followed by exposure to ultraviolet light to 
create a crosslinked zone at the outer surface. Devices with such surface barriers can approximate zero 
order release, where the release rate is controlled by the thickness of the barrier layer and its water content. 

The inventors herein now propose the use of an interpenetrating polymer network for use in achieving 
pseudo-zero order drug release, i.e., a near-constant release rate for a significant portion of the release 

45 phase. Other types of drug release profiles, should they be desired, may also be provided using the IPNs 
disclosed herein. Interpenetrating polymer networks have been described in the literature, e.g., by K.F. 
Mueller and S.J. Heiber, J. Appl. Polymer Sci. 27:4043-4064 (1982). S.C. Kim et al., J. Appl. Polymer Sci. 
5:1289 (1977), and L.H. Sperling and D.W. Friedman, J. Polymer Sci. A-2( 7):425 (1969). As described in.the 
Muell r et al. article, in an IPN, one preformed crosslinked polymer matrix actually contains a second 

so polymer which penetrat s the matrix throughout but is not coval ntly bound to it. IPNs may b prepared by 
eith r simultaneous or sequential synthesis. In sequ ntial synthesis, a s lected monomer is diffus d 
throughout a preformed crosslinked matrix and then polymerized within it. In simultaneous synthesis, th 
mixture of monomers, prepolymers. linear polymers, crosslinkers. initiators, and th lite , for both compo- 
nent networks, form a homogeneous fluid. Both components are then simultaneously polymerized and/or 
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crosslinked by independent noninterfering reactions. 

Potential uses of IPNs in drug formulations and in drug delivery in general remain to a large extent 
undeveloped. The inventors herein now propose the use of heterogeneous IPNs (HTIPNs). i.e., an IPN 
which contains both hydrophilic and hydrophobic domains, to provide a controlled release drug devic such 
that the degree of drug loading as well as the overall drug release profil can be carefully controlled. 



Disclosure of the invention 



to In one aspect, the invention is a drug-containing three-dimensional interpenetrating polymer network 
(IPN), comprising a matrix of a first polymeric material; a second polymeric material dispersed throughout 
the matrix, wherein one of the polymeric materials is hydrophilic and the other is hydrophobic; and a drug 
either dissolved or dispersed in one or both of the polymeric materials. Depending on the relative 
proportions of the two materials in the IPN, the second material may be present either as a co-continuous 

;5 phase or in discrete, localized regions. In the former case, the second material will necessarily comprise a 
higher proportion of the IPN than in the latter case. 

In another aspect, the invention is a method for making a drug-containing IPN, comprising polymerizing 
a first component to give a matrix of a first polymeric material; polymerizing a second component to give an 
IPN having a second polymeric material within the matrix, wherein one of the materials is hydrophilic and 

20 the other is hydrophobic; and incorporating drug in the IPN by immersion in a drug solution. The two 
polymerization reactions may be carried out either simultaneously or sequentially. 

The invention is thus directed to a self-contained, drug release rate-controlling IPN containing two 
domains: a first domain of a first polymeric material and a second domain of a second polymeric material, 
wherein, relative to each other, one of the materials is hydrophilic and the other is hydrophobic. The matrix 

25 may be formed by either simultaneous or sequential polymerization of the two materials. Drug release, 
which is effected via a diffusion mechanism, is primarily dependent on drug permeability in the two 
materials, which in turn is a function of both drug solubility and diffusivity. 

The rate of drug release may be carefully controlled not only by carefully selecting the diffusivities Di 
and D 2 of the drug in the two polymeric materials and the solubilities Si and S 2 of the drug in the two 

30 materials, but also the relative amounts of drug in the two domains, the degree of hydrophobicity and 
hydrophilicity of the two materials, and the solvent used to load drug. Thus, the device allows for a great 
deal of flexibility and control. 

Other advantages of using such an HTIPN in a drug formulation are as follows. First drug can be 
loaded into either or both domains, depending primarily on the solvent selected for the drug loading step. 

35 Second, pseudo-zero order release can be obtained if one domain acts as a barrier layer to release from 
the other domain. Third, delayed burst effects may be obtained, that is, a peak of drug release at som 
point after release has been gradual and approximately constant for a predetermined period of time. Finally, 
design and fabrication of delivery systems from such a device is a simple synthetic process, easily adapted 
to mass production. 



40 



Brief Description of the Drawings 

Figure 1 is a graph showing the predicted release kinetics from the "Case 1" IPNs of the present 
45 invention. 

Figure 2 is a graph showing the predicted release kinetics from the "Case 2" IPNs of the present 
invention. 

Figure 3 is a graph showing the three phases of drug release from IPN matrices. 

Figures 4 and 5 are graphs showing how the three phases of drug release vary depending on the 
so size and hydrophobicity of the two IPN domains. 

Figures 6 and 7 are graphs showing the fractional release of pseudoephedrine hydrochloride over 
time from the IPNs of Example 4. 

Figure 8 shows the fractional release of theophylline from the HTIPN of Example 5. 

Figure 9 is a graph showing the fractional release of indomethacin over time from the IPNs of 
55 Example 6. 

Figure 10 is a graph showing the release rate of indomethacin over time, using the IPNs of Example 

6. 
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Figure 11 is a graph showing the fractional release of prog sterone over tim from the IPNs of 
Example 7. 

Figure 12 is a graph showing the release rate of progesterone over time, using the IPNs of Example 

7. 

5 Figure 13 is a graph showing the fractional release of sodium salicylate over time from the IPNs of 

Example 8. 

Figure 14 is a graph showing the release rate of sodium salicylate over time, using the IPNs of 
Example 8. 

w 

Modes for Carrying Out the Invention 

In one embodiment, a first domain which represents the matrix or the "continuous phase" comprises a 
first polymeric material while a second domain represents localized regions within the matrix, or a "discrete 
75 phase", and comprises a second polymeric material. One of the polymeric materials is hydrophobic, while 
the other is hydrophilic. Which of the domains is hydrophobic and which hydrophilic determines to a large 
extent the release rate and overall release profile of drug from the IPNs. Either or both of the domains can 
be loaded with a drug in a dissolved or dispersed form, by immersion of the device in a drug solution or 
dispersion. 

20 In a second embodiment, the two domains are present as co-continuous phases (e.g.. in an IPN 
comprising approximately 50% polyurethane and 50% vinyl polymer). 

The term "hydrophilic" as used herein to describe the first matrix component is meant "relatively 
hydrophilic", i.e.. hydrophilic relative to the second matrix component. Thus, the first component tends to 
be more soluble or more compatible with aqueous solvents than the second, "hydrophobic" component. 

25 The term "hydrophobic" to describe the second matrix component is also used to mean "relatively 
hydrophobic", i.e., hydrophobic only relative to the first matrix component. Thus, both materials may in 
actuality be hydrophilic, or both may be hydrophobic, so long as there is a difference in degree of 
hydrophilicity between the two materials. 

30 

Materials 

While the two components of the present IPNs may be selected from a wide variety of materials, the 

hydrophilic component is typically a water soluble prepolymer with functional end groups that are 
35 crosslinkable with appropriate crosslinking agents such as polyethylene oxide (PEO); any water swellable 

polymer, which may or may not be crosslinked, such as pHEMA; or any copolymer of water soluble and 

relatively hydrophobic monomers, which may or may not be crosslinked. 

The hydrophobic component is typically a water insoluble prepolymer such as polypropylene oxide 

(PPO), polytetramethylene oxide (PTMO) or poly(€-caprolactone) having functional end groups crosslinked 
40 with appropriate crosslinkers; or any water swellable or unswellabte polymers or copolymers with or without 

a crosslinker as will be described below. Where a water swellable material is used as the hydrophobic 

component, it is typically and preferably less swellable than the material used as the hydrophilic 

component 

In general, one of the two components is elastic while the other is plastic. Typically, in the embodiment 
45 wherein localized regions of the second component are present (i.e., in contrast to the embodiment wherein 
there are two co-continuous phases), it is the continuous phase that will be comprised of an elastic material, 
while the discrete phase will normally be of a plastic material. By an "elastic" material is intended a 
polymer which can easily undergo relatively large, rapidly reversible, elongations. "Plastic" materials 
include those that are typically more rigid and relatively resistant to deformation, 
so The following two embodiments illustrate, but not by way of limitation, representative IPNs of the 
invention. 

In the first embodiment, the hydrophilic material is a polyurethane such as PEO crosslinked with, e.g., a 
triisocyanate, while the hydrophobic material is polystyrene (pST) or poly(butyl methacrylate) (pBMA), 
crosslinked with a suitable crosslinking agent, e.g., ethylene glycol dimethacrylate (EGDMA), divinyl 
55 benzene (the system optionally including divinyl, diacrylic, and dimethacrylic monomers). As will be 
discuss d in more detail, the weight ratio of PEO to pST or pBMA can be varied to alter release rate and 
the overall release profile, but typically the ratio of PEO to pST or pBMA is in the range of about 1:9 to 9:1, 
more typically in the range of about 4:6 to 6:4. In a preferred embodiment, the continuous phase is PEO, 

4 
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while the discrete phase is pST or pBMA. 

In this embodiment, organic, nonpolar solvents such as chloroform, benzene, toluene, methylene 
chloride, chlorob nzene. chlorotoluene. methyl ethyl ketone (MEK), cyclic aromatics, halogenated cyclic 
aromatics, and cyclohexane are suitable for loading drug into both domains, while more polar solvents such 
s as water, acetone, ethanol, methanol or mixtur s thereof are suitable for loading drug into the PEO domain 
preferentially. 

In the second illustrative embodiment, the hydrophobic component is a polyurethane such as PTMO 
and the hydrophilic component is poly(N,N'-dimethyl acrylamide (DMAAmJ-co-styrene), i.e.. a copolymer of 
DMAA m and styrene. wherein crosslinking is again provided by, preferably, a triisocyanate. Typically, the 
io ratio of PTMO to DMAAm-co-styrene is in the range of about 1:9 to about 9:1. more typically in the range of 
about 4:6 to 6:4. Preferably, the continuous phase is PTMO and the discrete phase is DMAA m -co-styrene. 

In general, the following compounds are examples of suitable crosslinking agents for both the 
hydrophilic and hydrophobic components: 

(1) triisocyanates, e.g. 

75 (a) 1 ,2.3-propanetriyl tris(3-isocyanato)-4-methyl carbanilate (PTIMC) and 

(b) 1,1,1-tris[N-(4-methyl-3'-isQcyanatophenyl) carbamoyl-oxy methyl] propane (TMIPCOP); 

(2) reaction products of diisocyanates, e.g. 

(a) reaction products of water and diisocyanates such as Biuret triisocyanate; 
20 (b) reaction products obtained from trimerization of diisocyanates such as isocyanurate; and 

(c) (2-isocyanato) ethyl-(2,6-diisocyanato)hexanoate; and 

(3) triols used in conjunction with diisocyanates, e.g., triols such as trimethylol propane, trimethylol r . 
isobutane. and poly(c-caprolactone triol), and diisocyanates such as 2.6-toluene diisocyanate (TDI). 4,4 - 

25 diphenylmethane diisocyanate (MDI), 1 ,6-hexamethylene diisocyanate (HDI), 2,4-toluene diisocyanate. and 
cyclohexyl diisocyanate (CHDI). 

In the latter case, where the hydrophobic component is a PTMO polyurethane and the hydrophilic 
component is DMAA m -co-styrene, suitable solvents which can be used to load drug into both domains here 
so include chloroform, methylene chloride, cyclic aromatics. and halogenated cyclic aromatics. while solvents 
that will load the polyurethane domain preferentially include heptane, hexane. and halogenated linear 
alkanes. Solvents that will load the ST-DMAA m domain preferentially include water, methanol, ethanol. 
propanol, and acetone. 

The extent of crosslinking can be controlled in either of the aforementioned embodiments. With a 

35 polyurethane/vinyl system, for example, the degree of crosslinking of the polyurethane can be varied by 
changing the molecular weight of either the diol or diamine reactant. whether hydrophilic or hydrophobic. In 
the vinyl phase, crosslinking can be controlled by varying the amount of difunctional crosslinking agent 
present e.g.. ethylene glycol dimethacrylate. 

It should be noted that in either of these embodiments, a polyurethane may serve as either the more 

40 hydrophilic or the more hydrophobic of the two components. In addition to PEO and PTMO, other 
polyurethanes useful herein may be prepared by reaction of any number of polyhydric alcohols or poly- 
primary or poly-secondary amines with diisocyanates as well known in the art. Examples of suitable 
polyhydric alcohols, polyamines and diisocyanates may be found, for example, in U.S. Patent No. 
4,423,099. the disclosure of which is incorporated by reference herein. 

45 In both of the above exemplary cases. DMAA m -co-styrene serves as the second polymeric component 
of the matrix, and may represent either the more hydrophilic or the more hydrophobic of the two 
components. DMAAm-co-styrene can be replaced, however, by virtually any polymer which may be 
prepared by free-radical or chain-growth polymerization of vinyl or ailylic monomeric species. Preferred 
monomers for preparing relatively hydrophilic polymers /ia homo- or co-polymerization are DMAA m , N-vinyl 

so pyrroiidone, N-acryloyl pyrrolidine, 2-hydroxyethyl methacrylate, as well as other hydroxyalkyl acrylates and 
methacrylates, alkoxy acrylates and methacrylates, alkoxyalkyl acrylates and methacrylates. glycerol 
acrylate and methacrylate, aminomethacrylates, acrylic and methacrylic acid, vinyl acetate and vinyl 
propionate. Typical hydrophobic comonomers are linear or branched aliphatic, cycloaliphatic, aromatic and 
arylaliphatic acrylates and methacrylates and the corresponding amides and diamides thereof, while 

55 preferred monomers within this class are styrene, methyl methacrylate, butyl methacrylate. cyclohexyl 
acrylate and methacrylate, trimethylcyclohexyl acrylate and methacrylate. t-butylacrylamide, oc- 
tylacrylamide and t-butyl styrene. Crosslinking agents for preparing this polymeric component are also 
useful, particularly those crosslinking agents containing dh tri- f and polyvinyl functionalities such as 

5 
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ethylene glycol dlmethacrylate. neopentylglycol diacrylate, polyalkyleneoxy dlacrylates or dlmethacrylates 
such as polyethylene oxide diacrylate or dlmethacrylate, dlvinyl benzene, dlallyl maleate or methylene bis- 
acrylamide. 

Synthesis of the IPN can be simultaneous or sequential, although simultaneous synthesis is preferred. 
In simultaneous synthesis, the selected monomers or prepolymers - e.g., polyethylene oxide or poly- 
tetramethylene oxide - are crosslinked with, for example, a triisocyanate to form a matrix, i.e., to form an 
initial "continuous phase", at the same time that the remaining monomers such as styrene, methacrylate, 
and dimethylacrylamide are polymerized and crosslinked to form localized regions or a second continuous 
phase within the initially formed matrix. Alternatively, the matrix comprising the first material can be formed 
first, followed by sorption of monomer(s) or prepolymer(s) into the matrix and polymerization therein. 

Synthesis of the IPN network is carried out by admixture of the selected amounts of prepolymers and 
crosslinking agent(s) in approximately a one-to-one functional group ratio, i.e., OH/NCO is about 1/1. The 
mixture is allowed to react in an inert atmosphere, e.g., under nitrogen, argon, or the like, at a temperature 
in the range of about 40 *C and 120* C. preferably in the range of about 60* C and 70 *C, for, preferably, at 
least about several hours, and up to several days depending on the reactants and in the degree of 
crosslinking desired. The resulting polymeric matrix is purified by immersion in a selected solvent, i.e., one 
that is a good solvent for purifying the polymers of both phases, for example, water, ethanol. acetone, 
methanol, methylene chloride, and mixtures thereof. 

With respect to the alternative method wherein the second material is sorbed into a preformed matrix of 
the first material, essentially the same reaction and purification conditions are used as described for the 
simultaneous polymerization. , 

Drug loading into the IPNs is effected by immersion of the dried matrices in a solution containing the 
drug, or, if the drug is a liquid, into the drug itself, neat or in admixture with a selected solvent. As noted 
above, the solvent chosen for drug loading plays a key role in determining into which of the two domains of 
the IPN the drug is loaded. The degree of drug loading (drug weight/polymer weight) can be approximated 
to be within a given range by the following relationships: 

WS 

lower limit: — x [drug] •» solvent phase only 
Wp 



upper limit: I — + K I [drug] solvent phase + polymer phase 



wherein K is the drug/polymer partition coefficient, Ws is the weight of absorbed solvent, and Wp is the 
weight of dried polymer. 

40 An important advantage of the present invention is that the release rate and overall release profile of a 
drug incorporated into the IPN matrix may be controlled by selection of the materials used for domains A 
and B, the relative amounts of the materials present in the matrix, the diffusivities and solubilities of the 
drug in the materials, the solvent used to load drug, me degree of crosslinking, domain size, which domain 
is the initial, continuous phase and which the second, discrete or co-continuous phase, the size of the final 

45 device, and the hydrophilicity/hydrophobicity ratio of the drug loaded. 

The following systems provide an illustration of how these various factors affect drug loading, release 
rate, and the overall release profile. 

Case 1: The initial continuous phase is of a hydrophilic material, e.g., polyethylene oxide crosslinked 
with triisocyanate; localized regions of a hydrophobic material, e.g., polystyrene crosslinked with EGDMA, 

50 are present within the continuous phase. The matrix is loaded with a drug dissolved in chloroform, a good 
solvent for both the hydrophilic and hydrophobic materials. Thus, both domains are loaded with drug. In this 
case, the hydrophilic matrix serves to release drug initially and rapidly; the localized hydrophobic domains 
provide for gradual release even after the continuous phase has been d pi ted. Figure 1 is a graph of th 
predicted releas rate. Th solid line repr s nts drug release from the syst m just d scribed while th 

55 dotted line represents drug release from a typical homo- or copolymer matrix. As Figure 1 illustrates, th 
proposed IPN achieves a more gradual drop in r lease rate relative to a conventional first-order matrix, due 
to diffusion of th drug from the domain wh re the diffusivity is low into and through the depleted higher 
diffusivity domain. 
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Case 2: The initial continuous phase is hydrophobic, e.g., of PTMO; localized regions of a hydrophilic 
material, e.g., P(DMAA„rCO-styrene) f are present within the continuous phase. A solvent such as a water- 
ethanol mixture is selected so as to load drug into both domains. In this case, the PTMO will provide for 
initial and slow depletion of drug and subsequently will serve as a diffusional barrier layer to release from 

5 the localized hydrophilic domains. The P(DMAAm-CO-ST) islands will serve as the drug reservoir. As 
illustrated in Figure 2, which graphically shows the release rate over time from such a system (the solid line 
representing drug release from the Case 2 system, while the dotted line represents drug release, as before, 
from the typical zero-order release matrix), approximately zero order release is achieved when the localized 
regions become the "barrier" layer. 

/o Figure 3 shows the three main phases of a timed release profile: an initial high release rate, declining 
gradually (1); a flat, approximately "zero order" period over which the release rate remains substantially 
constant (2); and a gradual decline from the zero order value (3). In Case (2) systems, as illustrated by 
Figure 4. a shorter zero order phase (portion (2) of the curve) will be obtained by introducing smaller 
hydrophilic regions or by choosing a material for the continuous matrix that is less hydrophobic. Con- 

75 versely, as illustrated by Figure 5, a longer zero order phase can be achieved by introducing larger 
hydrophilic regions or a more hydrophobic continuous matrix. 

A drug burst effect may be obtained by choosing a material for the discrete phase which will not begin 
to release drug until after the matrix has been substantially depleted. Such a release profile is desirable, for 
example, when a higher blood concentration of drug is necessary after release has been approximately 

20 constant for some period of time. 

Administration of the drug-loaded IPNs described herein can be via any of the accepted modes of 
administration for the particular drug(s) administered. These modes of administration include oral, parenteral 
and otherwise systemic methods, e.g., via implants. Drugs may also be administered transdermal^ by 
applying the drug-loaded IPN to skin surface. The compositions include a conventional pharmaceutical 

25 carrier or excipient and, in addition, may include other medicinal agents, pharmaceutical agents, carriers, 
adjuvants, etc. 

Conventional non-toxic carriers include, for example, pharmaceutical grades of mannitol, lactose, starch, 
magnesium stearate. sodium saccharin, talcum, cellulose, glucose, sucrose, magnesium carbonate, polyal- 
kylene glycols, e.g.. propylene glycol, and the like. For liquid pharmaceutically administerable compositions 

30 in particular, the IPN may be dispersed in a carrier such as. for example, water, saline, aqueous dextrose, 
glycerol, ethanol. and the like, to thereby form a suspension. If desired, the pharmaceutical composition to 
be administered may also contain minor amounts of nontoxic auxiliary substances such as wetting or 
emulsifying agents. pH buffering agents and the like, for example, sodium acetate, sorbitan monolaurate, 
triethanolamine sodium acetate, triethanoiamine oleate, etc. Actual methods of preparing such dosage forms 

35 are known, or will be apparent, to those skilled in this art; for example, see Remingtons Pharmaceutical 
Sciences. Mack Publishing Company. Easton, Pennsylvania The composition or formulation to be admin- 
istered will, in any event, contain a quantity of drug in an amount effective to alleviate the symptoms of the 
subject being treated. 

The following examples further illustrate the IPNs of the invention and the processes by which they may 
40 be prepared. These examples are not intended to limit the invention in any manner. 



Example 1_ 

(a) Waxy polyethylene oxide of nominal molecular weight 1000 was melted and kept at 60 C under 
vacuum for one day to remove absorbed water. Five (5.0) g of vinyl monomer of styrene (ST) were purified 
by heating under a nitrogen atmosphere with vacuum, and the distillate at 57* C/35 mm Hg was collected. 
The following reaction components were then admixed with 10 ml double-distilled benzene at 60 C: a 
so trisocyanate crosslinking agent having the structure 



55 
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O p "C 
CH.-0 8-*-@~CH, 

! o ? . Nc ° 

CH,-0 fc-A-@-CH, 

I 

15 

(1.2.3-propanetriyl tris (3-isocyanato)-4-methyl carbanilate) (Tri-NCO-), 3.414 g, 66 wt.% in solid content in 
ethyl acetate; the purified styrene distillate. 5.0 g; 2.2-azobisisobutyronitrile (AIBN), 0.0258 g; and ethylene 
glycol dimethacrylate (EGDMA), 0.045 g. Five (5.0) g of molten and dried PEO prepared as above was 
mixed with the other mixtures and poured into a three-neck, round-bottom flask which was preheated in an 

20 oil bath at 65* C±2* C. The round-bottom flask was equipped with a reflux condenser, thermometer, nitrogen 
inlet and magnetic stirrer. The simultaneous reactions of crosslinking of vinyl monomer and prepolymer 
proceeded until the solution became opaque and increased viscosity of solution restricted the movement of 
the magnetic stirring bar. The viscous solution was injected into glass tubes and degassed at 60 'C under 
vacuum for about one minute. The tube was sealed with a cork stopper and Teflon tape and kept for 

25 postpolymerization in an air-circulating oven at 60* C for 5 days. The cured polymers were separated from 
the glass tubes by breaking the glass and soaking in water for one week. The polymer was then cut into 
disc-shaped pieces. All of the unreacted components and the benzene were extracted in an excess of 
chloroform for 10 days, changing the chloroform solution every two days. The swollen discs were * 
transferred in chloroform into a water-ethanol mixture (50/50 v/v) for seven days to replace the chloroform. 

30 They were then maintained in ethanol for two days. The purified polymers were dried at room temperature 
in open air for one day and then under vacuum for four days. The dried polymers were kept in a sealed 
bottle. 

(b) The procedure of Example 1 was repeated using 7.5 g PEO; 5.122 g Tri-NCO; 2.5 g styrene 
distillate; 0.028 g AIBN; and 0.0226 ml EGDMA. Prepolymerization treatment-i.e.. treatment prior to during- 
35 was carried out for 10.0 rather than 7.5 hours. 



Example 2 



40 

(a) An HTIPN was prepared from PEO and n-butyl methacrylate, using substantially the same 
procedure as in Example 1(a). In place of styrene. n-butyl methacrylate (BMA) was purified by heating 
under nitrogen, and the distillate at 50* C/3 mm Hg was collected. 

The following amounts of the various reaction components were used here: 5.0 g PEO; 3.414 g Tri-NCO; 
45 5.0 g BMA; 0.0258 g AIBN; and 0.0332 ml EGDMA. Prepolymerization treatment was carried out at 65* C 
for 5.5 hours, while postpolymerization was carried out at 60* C for 4 days. 

(b) The procedure of part (a) of this Example was repeated using: 2.5 g PEO; 5.122 g Tri-NCO; 2.5 g 
BMA; 0.0258 g AIBN; and 0.0166 ml EGDMA. Prepolymerization treatment at 65* C was carried out for 6.0 
hours. 

so 

Example 3 



55 (a) An HTIPN of polytetramethylene oxide (PTMO) and N,N'-dimethylacrylamide (DMAAn,) and 

styrene was prepared as follows. 3.4 g PTMO of nominal molecular weight 1000 (avg. OH# 112) was dried 
at 80* C under vacuum for 6 hours. DMAA™ (2.5 g) and ST (2.5 g) were distilled under nitrogen atmosphere 
with reduced pressure as in Example 1. The PTMO, ST and DMAA™, along with 2.125 g Tri-NCO, 0.013 g 
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AIBN, and 0.0425 ml EGDMA were mixed and bubbled with dry nitrogen for 20 minutes. The resulting 
oxygen-free mixture was injected into a membrane mold composed of Mylar© sheets using a rubber gasket 
as a spacer. In order to cure and crosslink the polymer mixture, the mold was maintained at 60 C for 4 
days. The polymer membrane was separated from the mold and soaked in excess methanol for one week, 
5 followed by swelling in a methanol/water mixture (1:1 by volume). The swollen polymer was cut into a 
circular disc and dried under vacuum for 4 days. 

(b) An HTIPN of polytetramethylene oxide (PTMO) and N,N -dimethylacrylamide co-styrene was 
prepared substantially according to the procedure of part (a.) of this Example, with the following compo- 
nents and proportions: 3.4 g PTMO; 2.125 g Tri-NCO; 2.0 g DMAA m ; 3.0 g styrene; 0.013 g AIBN; and 

to 0.0440 ml EGDMA. 

(c) An HTIPN of polytetramethylene oxide (PTMO) and N,N -dimethylacrylamide co-styrene was 
prepared substantially according to the procedure of part (a.) of this Example, with the following compo- 
nents and proportions: 3.4 g PTMO; 2.125 g Tri-NCO; 1.5 g DMAA m ; 3.5 g styrene; 0.013 g AIBN; and 
0.0450 ml EGDMA. 

T5 (d) An HTIPN of polytetramethylene oxide (PTMO) and N.N -dimethylacrylamide co-styrene (DMAAm) 

was prepared substantially according to the procedure of part (a.) of this Example, with the following 
components and proportions: 3.4 g PTMO; 2.125 g Tri-NCO; 1.0 g DMAA m ; 4.0 g styrene; 0.013 g AIBN; 
and 0.0458 ml EGDMA. 

20 

Example 4 



(a) An HTIPN of the polyurethane based on polytetramethylene oxide (PTMO) of molecular weight 
25 1000 and the vinyl copolymer of N.N' -dimethylacrylamide (DMAA m ) and styrene (ST) was prepared as 

follows. 3.30 g PTMO (MW 1020) was dried at 80 *C under high vacuum (<1 mm Hg) for 2 hours. DMAAm 
and ST were distilled under nitrogen atmosphere with reduced pressure as in Example 1. The molten 
PTMO was allowed to cool in dry nitrogen atmosphere to 25-30 # C, when the premixed and degassed 
components of the vinyl polymer were added. The vinyl phase consisted of 2.47 g distilled DMAA m , 1.98 g 

30 distilled ST, 0.049 g EGDMA and 0.0129 g AIBN catalyst Lastly 1.68 g Tri-NCO with 0.475 g ethyl acetate 
and 0.00285 g DBTL catalyst were incorporated. The resulting reaction mixture was degassed with an 
alternating vacuum/nitrogen purge procedure and filled into polyester lined glass molds with rubber gaskets. 
The polymers were cured at 70* C for 24 hours in a forced air draft oven. The polymer sheets were 
removed from the molds and punched into disks that were Soxhlet extracted with ethanol for 48 hours. The 

35 ethanol swollen disks were deswollen in water, air dried for two hours, and finally vacuum oven dried 
overnight to constant weight. 

(b) An HTIPN mixture was prepared according to the procedure of part (a) of this example. A thin 
gasket mold was used to give polymer disks that were half the thickness of the polymer disks in Example 4 
(a). 

40 

Example 5 



An HTIPN of the polyurethane based on polytetramethylene oxide, molecular weight 3000, (PTMO 3K) 
and N.N-dimethylacrylamide (DMAA m ) polymer crosslinked with ethylene glycol dimethacrylate (EGDMA) 
was prepared substantially according to the procedure of Example IV(a) with the following components and 
proportions: 4.27 g PTMO 3K; 0.725 g Tri-NCO; 2.95 g ethyl acetate; 0.0217 g DBTL; 4.94 g DMAAm; O.049 
g EGDMA; and 0.0131 g AIBN. 



Example 6 



Indomethacin was loaded into the hydrophilic (PEO) and/or the hydrophobic (ST or BMA) domains of 
the HTIPNs of Examples 1(a), 1(b), 2(a) and 2(b), as follows: Disk-shaped devices of the four HTIPNs of 
Examples 1 and 2, 9.0*0.5 mm in diameter and 2.3±0.1 mm in thickness (in the dried state), were 
equilibrated with an excess of an ethanol-chloroform mixture to extract all th unreact d ingredients. The 

9 
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ratio of ethanol to chloroform in the extraction mixture was varied from a chloroform-rich composition to an 
ethanol-rich composition to reduce the size of swollen disc gradually before drying - i.e., 100% CHCI 3 (2 
day extraction), 80/20 CHCI 3 /EtOH (2 day extraction). 50/50 CHCI 3 /EtOH (1 day extraction). 20/80 
CHCl 3 /EtOH (1 day extraction), 100% EtOH (1 day extraction). The drug solution was provided having a 

5 concentration of 10 mg/ml in a water-acetone mixture (40 vol.% of water). The water-acetone mixture was 
chosen as the drug carrier for loading in order to load drug into the PEO phase predominantly, since the 
mixture is a good solvent for PEO but a poor solvent for polystyrene and poiy(n-butyl methacrylate). After 
maintaining the devices in the drug solution at room temperature for 3 days, the drug-loaded devices were 
removed from the drug solution and cooled in a dry ice chamber, dried at -20° C under vacuum for 1 day. 

70 followed by drying at room temperature for 2 days. This procedure was designed to prevent drug migration 
to the polymer surface due to low drug solubility and low drug diffusion coefficient at low temperature. The 
drug content of the four HTIPN discs was as follows: HTIPN of Example 1(a), 5.1 wt.%; HTIPN of Example 
1(b), 6.1 wt.%; HTIPN of Example 2(a) 5.8 wt.%; and the HTIPN of Example 2(b), 5.9 wt.%. Drug loading 
content was measured by weight. 

15 

Example 7 



20 Progesterone was loaded into the HTIPN of Example 1(a) as follows. Five disc-shaped devices of the 
HTIPN of Example 1(a), 8.7±0.1 mm in diameter and 1.5±0.1 mm in thickness, were allowed to absorb 
progesterone solutions in chloroform, the drug concentration of which varied from 1 5 mg/ml to 60 mg/ml 
(see Table 1). Chloroform was selected as a good solvent for both the hydrophilic and the hydrophobic 
phases. 

25 The drug loading content was controlled as follows. All the drug solution was absorbed into the polymer 
matrix because the quantity of solution was less than the maximum which could be absorbed at equilibrium. 
As a result all the drug in solution was also incorporated into the device and a partitioning effect in the 
complete equilibrium state, during drug loading, was thus avoided. 

All of the drug dissolved in a solvent can. by the foregoing method, be absorbed into both phases and 

30 equilibrated throughout the polymer matrix until there is no concentration gradient within the device. After 
absorption of solution for 1 week, the highly swollen devices were cooled between two pieces of dry ice 
followed by evaporation of the solvent, on the dry ice. for 18 hours. The rapid evaporation rate of chloroform 
at room temperature easily induces the disintegration of devices due to the build-up of stress between dried 
surface and swollen bulk phase. Thus, the above cooling step was effective to prevent drug migration and 

35 cracking of devices. After evaporation of solvent, the devices were dried at room temperature for 2 days. 
Drug loading was evaluated by measuring weight after drying and is summarized in Table 1 . 

Table 1 



Sample 


Wp* 


Concentration of 


Drug Content 






solution 


after loading 


#1 


0.1087 g 


15 mg/0.9 ml 


10.6 wt.% 


#2 


0.11 14 g 


20 mg/0.9 ml 


14.5 wt% 


#3 


0.11 14 g 


30 mg/0.9 ml 


18.6 wt.% 


#4 


0.1217 g 


40 mg/0.9 ml 


24.5 wt.% 


#5 


0.1 163 g 


50 mg/0.9 ml 


35.1 wt.% 



The weight of sample in the dried state before absorption of solution. 

50 



Example 8 

55 

Sodium salicylate was loaded into the four HTIPNs of Example 3, as follows: Four disc-shaped devices 
formed from the HTIPNs of Example 3, 11.3 to 12.8 mm in diameter and 1.4±0.1 mm in thickness, in the 
dried state, were equilibrated with an excess amount of sodium salicylate solution for 4 days. The drug 

10 



EP 0 347 145 A2 



solution was 20 wt/vol.% sodium salicylate in a water-ethanol mixture (20 voiyvol.% water). The drug- 
loaded g Is were dried at room temperature under vacuum for 5 days. 

Drug loading in the devices was evaluated by measuring weight after drying and may be summarized 
as follows: (1) HTIPNs of Example 3(a), 39%; (2) HTIPN of Example 3(b), 35%; (3) HTIPN of Example 3(c). 
5 29%: and (4) HTIPNs of Example 3(d), 20%. 



Example 9 



Pseudoephedrine hydrochloride was loaded into the two HTIPNs of Example 4, as follows: Four disc- 
shaped devices formed from the HTIPNs of Example 4 (a), to 10 mm in diameter and 1.2 mm in thickness 
in the dried state and four disk shaped devices formed from HTIPNs of Example 4 (b). to 10 mm in 
diameter and 0.6 mm in thickness in the dried state were equilibrated with an excess amount of 
;s pseudoephedrine hydrochloride solution for 4 days. The drug solution was 20 wt/vol.% pseudoephedrine 
hydrochloride in an 80% ethanol/20% water solvent mixture by volume. The drug-loaded gels were air dried 
at room temperature for one day followed by 2-3 days in a forced air draft oven at 45* C until constant 
weight was obtained. 

Drug loading in the devices was evaluated by measuring weight gain after drying, and was found to be 
20 19% for both thick and thin devices, as expected. 



Example 10 



Theophylline was loaded into the HTIPNs of Example 5 according to the procedure of Example 9 with 
the following drug loading, solution: 10 wt/vol% theophylline in a 50/50 ethanol/water solvent mixture by 
volume. 

The drug loading in the 10 mm diameter by 0.6 mm thick disks was evaluated by weight gain after 
30 drying to be 19%. 

Example 1 1 

35 

Drug release from the drug-loaded IPNs of Examples 6, 7, 8. 9, and 10 was evaluated as follows: From 
the equation 

40 Dm Bq 

In — a — 
D 0 Vf 




45 (Yasuda et al. f Die Macromolecular Chemie , 126 , 177. 1969). where D m and D Q are the drug diffusion 
coefficients in swollen membrane and bulk water, respectively, Bq is the proportional constant to solute 
cross-sectional area, and V f is the volume of swollen membrane. It may be deduced that Bq is 
proportional to V f 

50 

1 

7* 



wher r is th radius of the molecule and H is the hydration of the hydrogel. Thus, drug release can b 
predicted based on aqueous swelling of the devices. From the above equations, it will be seen that as 
hydration rate doubi s, the rate increases 10 times, while the flux of drug out of the device is proportional to 
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both degree of loading and aqueous diffusion. 

Using the afor mentioned relationships, the fractional release over time of pseudoephedrine hydrochlo- 
ride from the HTIPN discs of Example 4 was calculated and is plotted in Figures 6 and 7. 

The drug was released in an increasing release rate from the thicker sample in Figure 6 and zero-order 
.v5 release from the thinner sample in Figure 7. In these samples, although the release rate was the same for 
the two polymers, the thinner sample was depleted of drug faster. Figure 8 shows the fractional release of 
theophylline from the HTIPN discs of Example 5. The plot showed approximately zero order release of the 
hydrophobic theophylline from a binary HTIPN containing only polyurethane and polydimethylacrylamide. 

Similarly, Figure 9 shows the fractional release over time of indomethacin from the HTIPN disks of 
to Example 6. The release rate of drug from the same disks was experimentally determined and plotted in 
Figure 10. 

Release rate was highest for the HTIPN of Example 1(b), where water content was highest (about 40%) t 
while release rate was lowest for the HTIPN of Example 1(a). where water content was lowest (about 10%). 
As expected, then, release rate was found to depend strongly on the equilibrium water content. 
75 Figures 11 and 12. similarly, show the fractional release and release rate of progesterone from the 
HTIPN disc of Example 7. 

Both the indomethacin- and progesterone-loaded discs show pseudo zero order kinetics in a device 
where the hydrophilic. PEO matrix provides for the initial, fast depletion of drug and the discrete 
hydrophobic styrene or BMA domains give slow drug release. 

20 Figures 13 and 14 show the fractional release and release rate of sodium salicylate from the HTIPN 
discs of Example 8. The plots show approximately zero order release for the case where the hydrophobic 
PTMO matrix provides, initially, for the slow depletion of drug and subsequently, serves as a diffusional 
barrier layer. The localized hydrophilic DMAAm/ST regions serve as the primary drug reservoirs, responsible 
for the burst effect noted with the HTIPNs of Examples 3(b) and 3(d). 

25 In this example, drug release was monitored by UV spectroscopy: indomethacin at 266 nm, pro- 
gesterone at 248 nm, sodium salicylate at 280 nm, pseudoephedrine hydrochloride at 205 nm. and 
theophylline at 272 nm. Sodium salicylate release rate was monitored continuously through the flow cell. 



30 Claims 

1. A drug-containing three-dimensional interpenetrating polymer network (IPN). comprising: 

(a) a matrix of a first polymeric material; 

(b) a second polymeric material dispersed throughout said matrix, 

35 wherein one of said polymeric materials is hydrophilic and the other of said materials is hydrophobic; and 

(c) a drug either dissolved or or dispersed in one or both of said polymeric materials. 

2. The IPN of claim 1. wherein said first material is hydrophilic and said second material is hydrophobic. 

3. The IPN of claim 1. wherein said first material is hydrophobic and said second material is hydrophilic. 
40 4. The IPN of claim 1 , wherein the diffusivity Di of the drug in said first material is different than the 

diffusivity D2 of the drug in said second material. 

5. The IPN of claim 1 , wherein the solubility Si of the drug in said first material is different than the 
solubility Sa of the drug in said second material. 

6. The IPN of claim 1 , wherein the weight ratio of said first material to said second material is in the 
45 range of about 9:1 to about 1:4. 

7. The IPN of claim 1, wherein said weight ratio is in the range of about 6:4 to about 4:6. 

8. The IPN of claim 1, wherein only one of said first and said second materials contain a drug. 

9. The IPN of claim 1. wherein both of said first and second materials contain drug. 

10. The IPN of claim 9, whereto said first material contains a first drug and said second material 
50 contains a second drug. 

11. The IPN of claim 1, wherein the hydrophilic material is polyethylene oxide crosslinked with a 
triisocyanate and the hydrophobic material is polystyrene or poly (butyl methacrylate) crosslinked with 
ethylene glycol dimethacrylate. 

12. The IPN of claim 1, wherein the hydrophilic material is poly(N,N'-dimethyl acrylamide co-styrene) 
55 and th hydrophobic material is polytetram thylene ether glycol. 

1 3. A method for making a drug-containing IPN, comprising: 
polymerizing a first component to give a matrix of a first polymeric material; 

polymerizing a second component to give an IPN having a second polymeric material within said matrix, 
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wherein one of said first and said second materials is hydrophilic and the other of said materials is 
hydrophobic; and 

incorporating drug in the IPN by immersion in a drug solution. 
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